Abstract 

The  possibility  of  the  application  of  B-C-N  and  C-B-Si-N  carbon  alloys  as  anode  materials  for  Li-ion  batteries  is  discussed.  The 
structure,  composition,  and  the  electrochemical  behavior  of  these  materials  are  presented.  B-C-N  samples  prepared  by  the  high-pressure 
self-combustion  sintering  technique  are  found  to  be  a  mixture  of  hexagonal  BN  and  partly  crystallized  “BCN”  compounds.  Li-ions  can  be 
intercalated  into  the  structure  electrochemically  with  a  maximum  reversible  capacity  of  about  120  mAh/g.  For  a  C-B-Si-N  carbon  alloy,  a 
reversible  capacity  of  500  mAh/g  can  be  obtained  at  a  low  current  rate,  which  is  higher  than  that  of  the  pure  carbon  pitch  heated  at  the  same 
temperature.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  incorporation  of  foreign  atoms,  especially  the 
immediate  neighbors  in  the  Periodic  Table,  such  as  N,  B, 
and  Si  into  carbon  is  a  current  subject  of  interest  in  carbon 
chemistry.  It  is  often  referred  to  as  a  carbon  alloy.  Carbon 
alloying  with  other  elements  which  are  homogeneously 
dispersed  in  the  carbon  network  has  more  potential  appli¬ 
cability  than  pure  carbon.  For  the  development  of  Li-ion 
batteries  much  effort  has  been  focused  on  new  or  improved 
materials.  Work  on  the  anode  side  has  been  mostly  on  carbon 
materials.  The  interesting  influences  of  dopant  elements  in 
the  carbon  covalent  network  were  recently  reported.  Phos¬ 
phorous  doped  carbon  increased  the  capacity  substantially 
[1].  Substituting  carbon  by  an  appropriate  amount  of  boron 
atoms  was  found  to  increase  the  reversible  capacity,  as 
well  as  the  intercalation  potential  [2].  Although,  nitrogen- 
containing  carbons  showed  large  irreversible  capacity  and 
low  cycleability  [3],  surface  modification  with  nitrogen  was 
reported  to  improve  the  performance  of  carbon  [4].  Morita 
et  al.  published  their  results  on  Li  intercalation  character¬ 
istics  of  BCVN  (x  =  2,  3,  7,  and  10)  since  1992  [5,6].  This 
raised  a  particular  interest  as  “BCN”  compounds  have  a 
very  similar  structure  to  graphite.  It  is  reported  that  BCN 
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compounds  with  various  bandgap  energies  can  be  predicted 
theoretically  by  controlling  the  B,  C,  N  atomic  composition 
and  atomic  arrangement  [7].  Hence,  from  a  fundamental 
point  of  view,  it  is  very  interesting  to  study  lithium  inter¬ 
calation  mechanisms  into  these  layered  compounds. 
Recently  using  high-pressure  self-combustion  sintering 
technique  a  series  of  “BCN”  compounds  were  synthesized 

[8]  and  the  electrochemical  measurements  were  earned  out 

[9]  to  provide  more  experimental  data  for  future  theoretical 
analyses.  C-B-Si-N  carbon  alloys  were  reported  to  have  a 
better  resistance  to  oxidation  compared  with  pure  carbon 
fibers.  These  materials  even  maintain  their  fibrous  morpho¬ 
logy  after  treatment  at  2800°C  [10].  It  was  prepared  via  co¬ 
pyrolysis  of  B,  N,  Si,  and  pitch  precursors  and  the  structure 
is  believed  to  consist  of  planar  polyaromatic  units  grafted 
with  fragments  containing  B,  N,  and  Si,  which  determine  its 
possible  combination  of  the  properties  of  CXB,  CVN,  and 
CvSi.  Little  is  known  about  the  lithium  intercalation  char¬ 
acteristics  of  this  kind  of  carbon  alloy.  Hence,  our  recent 
results  on  the  intercalation  characteristics  of  Li  into  these 
two  kinds  of  carbon  alloys  will  be  presented. 

2.  Experimental  aspects 

Synthesis  of  BCN  compounds  was  realized  using  the 
high-pressure  self-combustion  sintering  (HPCS)  technique. 
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Table  1 


Specification,  composition,  and  specific  surface  area  of  BCN  compounds 


Samples 

Nominal  composition  (at%) 

5  (m2/g), 
BET  data 

C 

B 

N 

BCN01 

25 

37 

38 

BCN02 

40 

30 

30 

12 

BCN03 

45 

25 

30 

17 

BCN04 

52 

22 

26 

21 

BCN05 

60 

22 

18 

19 

The  reactants,  i.e.  B203(0H)A,  polyethylene  (C2H2)„  or 
propylene  (C3H3)„,  were  treated  at  the  combustion  regime 
(1800°C)  in  a  high-pressure  (nitrogen  100  atm)  chemical 
reactor.  The  reactor  contains  a  high-pressure  and  heating- 
control  system  and  ignition  units  [8].  The  specifications  and 
compositions  of  the  prepared  B-C-N  samples  are  listed  in 
Table  1 .  The  specific  surface  area,  S  was  obtained  using  the 
BET  method. 

The  C-B-Si-N  carbon  alloys  were  prepared  via  co¬ 
pyrolysis  of  a  light  fraction  of  Ashland  A240  petroleum 
pitch  with  polydimethylsilane,  followed  by  co-pyrolysis  of 
the  product  with  borane,  pyridine  and  heat  treatment  in 
nitrogen  at  1200°C.  The  composition  is  approximately  B 
5  mass%,  Si  15  mass%,  N  10  mass%,  and  C  70  mass%  [10]. 

The  structure  of  the  samples  was  analyzed  by  XRD  on  a 
Philips  PW1840  X-ray  diffractometer  with  Cu  Koc  radiation. 
FTIR  spectra  were  obtained  on  a  Perkin-Elmer  apparatus 
(FTIR  Spectrometer  1000)  using  the  KBr  disc  method. 

The  electrodes  for  the  electrochemical  measurements 
were  prepared  by  doctor-blade  coating  on  copper  foils.  A 
slurry  was  made  by  mixing  the  carbon-alloy  samples  with 
polyacrylonitrile  (PAN)-based  binder  (95:5  by  weight)  with 
dimethyl  formamide  (DMF)  as  the  solvent.  After  pressing 
and  drying  at  150°C  for  3  h  in  air,  the  samples  were  dried 
subsequently  at  100  C  for  24  h  in  vacuum.  The  as-prepared 
electrode  foils  were  transferred  to  a  glove  box  filled  with  He 
gas.  Finally,  the  state-of-the-art  two  electrode  cells  were 
assembled  with  1  M-FiPF6-EC-EMC  (ethylene  carbonate 
and  ethyl-methyl  carbonate)  as  electrolyte  and  fresh  Li  foils 
as  both  reference  and  counter  electrodes.  The  samples  were 
discharged  and  charged  at  a  constant  current  rate  in  the 
voltage  range  of  5  mV  to  2.5  V.  The  voltage  of  the  cells  was 
monitored  as  a  function  of  time.  Then  the  discharge/charge 
capacities  were  calculated  from  the  current,  the  mass  of  the 
cathode,  and  the  step  time.  All  the  measurements  were 
controlled  and  recorded  automatically  by  a  Maccor  battery 
tester. 


3.  Results  and  discussion 

3.1.  BCN  compounds 

Fig.  1  shows  the  XRD  spectra  of  all  the  prepared  B-C-N 
samples.  The  positions  of  all  the  diffraction  peaks  are 


Fig.  1.  XRD  spectra  of  the  synthesized  BCN  samples. 

consistent  with  the  h-BN  and  “BCN”  phases  indicating 
that  the  samples  are  in  fact  a  mixture  of  h-BN  and  “BCN” 
compounds.  For  samples  BCN01  and  BCN02  some  addi¬ 
tional  peaks  neither  belonging  to  h-BN  nor  to  “BCN”  were 
observed  in  the  XRD  spectra  and  possibly  correspond  to 
boron  carbide. 

It  is  apparent  that  in  the  scan  region  of  40-47°  of  the  XRD 
spectra  the  multipeaks  for  all  the  samples  indicate  3D 
ordering.  Dahn  et  al.  [11]  reported  and  analyzed  the  XRD 
powder  diffraction  profiles  of  pyrolyzed  carbon  at  different 
temperatures  in  detail.  According  to  their  results,  petroleum 
pitch  heated  below  2000°C  consisted  to  a  large  extent  of 
turbostratic  carbon  with  negligible  3D  ordering.  Only  at 
2100°C,  a  shoulder  on  the  right  side  of  (10)  peak  near  43° 
begins  to  develop  indicating  the  relief  of  turbostratic  dis¬ 
order.  In  our  samples  prepared  at  only  1800°C,  the  presence 
of  the  multipeaks  indicating  3D  ordering  in  the  structure 
probably  is  the  result  of  doping  with  B  and  N  atoms. 

As  the  (0  0  2)  diffraction  peaks  corresponding  to  h-BN 
and  “BCN”  phases  overlap,  it  is  more  convenient  to  focus 
on  the  details  of  the  multipeaks  in  the  range  of  40-47°  in 
order  to  obtain  more  information  about  the  synthesized 
“BCN”  materials.  From  JCPDS  data,  the  peak  at  41.6° 
corresponds  to  the  (110)  diffraction  from  h-BN,  while  the 
peak  at  42.4°  is  from  “BCN”.  The  intensity  ratio  between 
the  two  fingerprint  diffraction  peaks  at  41.6  and  42.4°  is 
determined  by  the  mass  ratio  of  h-BN  and  “BCN”  in  the 
samples.  Qualitatively,  it  means  that  the  larger  the  content  of 
“BCN”,  the  higher  will  be  the  intensity  of  the  peak  at  42.4°. 
Therefore,  BCN05  has  the  highest  content  of  “BCN”, 
samples  BCN04  has  a  mediate  “BCN”  content,  while 
BCN03  contains  the  least  “BCN”  of  the  present  samples. 

Fig.  2(a)  shows  the  first  discharge/charge  profiles  at  a 
current  density  of  0.1  mA/cm2.  It  can  be  seen  that  both  the 
charge/discharge  efficiency  (Eff.)  and  the  reversible  capacity 
(<2r)  increased  in  the  sequence  BCN03,  BCN04,  and  BCN05 
with  increasing  the  amount  of  active  “BCN”  compound. 
When  the  cells  were  discharged/charged  at  a  lower  current 
density,  i.e.  I  =  0.01  mA/cm2,  an  increase  of  the  reversible 
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Fig.  2.  The  discharge/charge  profiles  of  the  prepared  “BCN”  compounds: 
(a)  the  first  cycle  at  a  current  density  of  0.1  mA/cm2;  (b)  the  5th  cycle  at  a 
current  density  of  0.01  mA/cm2  (for  better  resolution,  the  curves  for 
samples  BCN05  and  BCN04  are  shifted  1 .0  and  0.5  V,  respectively). 

capacity  was  observed,  still  with  the  largest  value  for  sample 
BCN05  (Fig.  2(b)).  In  the  Table  2,  both  the  irreversible 
capacity  (Qir)  and  reversible  capacity  (Qr)  data  as  well  as  the 
first  charge/discharge  efficiency  (Eff.)  are  presented. 

As  can  be  seen  in  Fig.  2  and  Table  2,  sample  BCN05  has 
the  lowest  irreversible  capacity  and  the  highest  reversible 
capacity,  which  can  be  attributed  to  the  existence  of  the 
smallest  amount  of  the  inactive  h-BN  phase.  Apart  from  the 
reason  that  the  specific  capacity  is  calculated  according  to 
the  total  mass  of  the  sample,  h-BN  is  an  insulator  with  a 
bandgap  of  5.2  eV.  Hence,  the  existence  of  BN  does  not 
facilitate  electronic  conductivity  resulting  in  a  large  poten¬ 
tial  polarization. 

Comparing  with  the  results  of  Morita  et  al.  [5],  the  results 
from  the  present  samples  are  very  different;  here  lithium  can 
be  intercalated/de-intercalated  reversibly  at  low  potentials 
(below  500  mV).  This  characteristic  is  similar  to  that  of  soft 
carbon  heated  at  around  2000°C,  in  which  capacity  shifted 
also  to  the  lower  voltage  region  by  appearance  of  a  plateau 

Table  2 


Comparison  of  irreversible  and  reversible  capacity  in  terms  of  mAh/g  of 
the  B-C-N  compounds  with  different  compositions3 


Samples 

1  = 

0.1  mA/cm2 

I  =  0.01  mA/cm2 

Qh 

a 

Efficiency  (%) 

Qu  Qr 

Efficiency  (%) 

BCN03 

52 

70 

57 

80  110 

58 

BCN04 

62 

97 

61 

85  130 

60 

BCN05 

45 

115 

72 

60  144 

71 

near  0.1  V  due  to  the  transformation  of  the  turbostratic 
structure  to  a  3D  ordered  structure.  Accordingly,  the  differ¬ 
ent  lithium  intercalation  characteristics  are  attributed  to  the 
higher  degree  of  3D  ordering  in  the  present  samples  com¬ 
pared  to  those  studied  by  Morita  et  al. 

3.2.  C-B-Si-N  compound 

The  FTIR  spectrum  of  C-B-Si-N  reveals  the  carbon 
atoms  to  be  bonded  with  the  dopant  atoms,  the  peaks  at 
3413,  1092  and  782  cm-1  correspond  to  specific  bond 
vibrations  of  C-N,  C-B,  and  C-Si,  respectively  (see 
Fig.  3)  [12].  The  other  peaks  correspond  to  the  C-C  and 
C-H  vibrations.  The  XRD  spectrum  of  this  compound  is 
shown  in  Fig.  4.  The  broad  peak  at  around  43°  is  due  to  the 
honeycomb  structure  of  small  graphene  sheets  showing  that 
most  of  the  carbon  is  present  in  an  sp2-bonded  configuration. 
The  broad  peak  at  around  25°  indicates  that  there  is  little 
parallel  stacking  of  the  graphene  sheets  [11].  This  pattern  is 
similar  to  that  of  turbostratic  carbon.  Considering  the  sam¬ 
ple’s  stoichiometry  and  combining  with  the  FTIR  results,  the 
structure  of  this  material  is  believed  to  consist  of  planar 


Fig.  3.  The  FTIR  spectrum  of  the  C-B-Si-N  compound. 
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Fig.  4.  The  XRD  spectrum  of  the  C-B-Si-N  compound. 
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Fig.  5.  (a)  The  1st  discharge/charge  profile  of  the  C-B-Si-N  compound, 
/  =  0.1  mA/cm2;  (b)  the  4th  discharge/charge  profile  of  C-B-Si-N 
compound,  1  =  0.01  mA/cm2. 

polyaromatic  units  from  the  A240  pitch  with  polydimethyl- 
silane,  borane,  and  pyridine  fragments  grafted  on  these  units. 
This  grafting  disrupts  the  planar  structure  and  prevents  the 
occurrence  of  the  graphite  structure. 

Fig.  5(a)  showed  the  first  discharge/charge  profile  at  a 
current  density  of  0. 1  mA/cm2.  The  irreversible  capacity  and 
reversible  capacity  are  140  and  390  mAh/g,  respectively. 
After  three  cycles,  the  discharge/charge  current  density  was 
lowered  to  0.01  mA/cm2.  At  this  low  current  rate,  the 
reversible  capacity  increased  to  500  mAh/g  (see  Fig.  5(b)), 
which  is  much  larger  than  that  of  a  pure  carbon  pitch  heated 
at  1200°C.  A  small  plateau  below  0.1  V  can  be  observed 
from  the  inset  in  Fig.  5(b),  which  is  probably  related  to  a 
certain  reaction  between  Li  and  Si  grafting  on  the  carbon 
sheets.  On  the  other  hand,  a  larger  voltage  hysteresis  (about 
0.55  V)  is  observed  as  compared  to  pure  silicon-containing 
carbon  (0.39  and  0.34  V  for  samples  G  and  N,  respectively, 
in  [13]).  This  is  possibly  related  to  the  B  or  N  atoms  in  the 
carbon  alloy  as  those  lead  to  insulating  regions,  and  hence, 
high  potential  polarization. 


4.  Conclusions 

The  BCN  samples  prepared  by  the  high-pressure  self¬ 
combustion  sintering  technique  (HPCS)  are  mixtures  of 
h-BN  and  partly  crystallized  “BCN”.  Li  ions  can  be  inter- 
calated/de-intercalated  into  the  “BCN”  compounds  electro- 
chemically  with  a  maximum  reversible  capacity  of  about 
150  mAh/g.  The  obtained  low  value  is  due  to  the  existence 
of  inactive  impurity  phases,  e.g.  h-BN.  More  lithium  ions  are 
expected  to  be  intercalated  reversibly  in  the  case  of  pure 
crystallized  “BCN”.  Care  much  be  taken  to  avoid  h-BN 
formation  as  this  highly  insulating  inactive  material  leads  to 
large  internal  potential  polarization. 

C-B-Si-N  carbon  alloy  is  found  to  be  suitable  for  lithium 
intercalation/de-intercalation.  The  first  charge/discharge 
efficiency  is  73%.  When  charging/discharging  at  a  low 
current  rate,  the  reversible  capacity  is  500  mAh/g,  higher 
than  that  of  the  pure  carbon  pitch  heated  at  the  same 
temperature.  With  proper  adjustment  of  the  C,  B,  N,  Si 
stoichiometry  in  the  compound,  it  is  expected  that  the 
advantages  of  CAB,  CYN,  and  CASi  can  be  combined  in  order 
to  improve  capacity  and  performance  of  such  anode  materi¬ 
als  for  rechargeable  lithium-ion  batteries. 
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